Effects of xylem resin on trunk injection of systemic chemicals in conifers / by Nollstadt, Christopher
University of Massachusetts Amherst 
ScholarWorks@UMass Amherst 
Masters Theses 1911 - February 2014 
1992 
Effects of xylem resin on trunk injection of systemic chemicals in 
conifers / 
Christopher Nollstadt 
University of Massachusetts Amherst 
Follow this and additional works at: https://scholarworks.umass.edu/theses 
Nollstadt, Christopher, "Effects of xylem resin on trunk injection of systemic chemicals in conifers /" 
(1992). Masters Theses 1911 - February 2014. 3430. 
Retrieved from https://scholarworks.umass.edu/theses/3430 
This thesis is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for 
inclusion in Masters Theses 1911 - February 2014 by an authorized administrator of ScholarWorks@UMass 
Amherst. For more information, please contact scholarworks@library.umass.edu. 

EFFECTS OF XYLEM RESIN 
ON TRUNK INJECTION OF SYSTEMIC CHEMICALS 
IN CONIFERS 
A Thesis Presented 
by 
CHRISTOPHER NOLLSTADT 
Submitted to the Graduate School of the 
University of Massachusetts in partial fulfillment 
of the requirements for the degree of 
MASTER OF SCIENCE 
February 1992 
Department of Plant Pathology 
EFFECTS OF XYLEM RESIN 
ON TRUNK INJECTION OF SYSTEMIC CHEMICALS 
IN CONIFERS 
A Thesis Presented 
by 
CHRISTOPHER NOLLSTADT 
Approved as to style and content by 
Terry Tattar, Chair 
Mark S. Mount, Department Head 
Plant Patholgy 
ABSTRACT 
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Directed by: Professor Terry A. Tattar 
The uptake of trunk injected materials in conifers has 
been generally observed to be slower and less complete than 
in non conifers. Although no studies have investigated the 
specific effects of xylem resin flow on injectability, the 
relatively poor injectability of conifers has been generally 
attributed to the presence of resin. In this study the 
uptake-interfering effects of xylem resin have been 
indirectly verified. The results also suggest that xylem 
resin flow is the primary limitation in conifer injection. A 
gradual seasonal increase in resin flow rate was obtained 
for four conifer species. From this it appears that optimal 
conifer injectability is likely in the early spring. A model 
for describing xylem resin flow rates measured over a 24 
hour period was tested for applicability for describing 
xylem flow rates measured over a short initial period, 
following drill wounding, in Pinus resinosa. The results 
presented here suggest that it is likely that this initial 
xylem resin flow rate is primarily a function of resin 
pressure and viscosity and resin canal cross-sectional area. 
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CHAPTER 1 
INTRODUCTION 
Uptake of trunk-injected solutions in conifer trees has 
generally been regarded as slow and/or incomplete. The 
application of tree injection techniques, therefore, has 
been primarily limited to non-conifer trees. For example, 
Sinclair and Larsen (1981), using water, measured uptake 
rates in white pine (Pinus strobus) and thirteen non-conifer 
trees. They obtained a substantially lower uptake rate for 
white pine than for most of the non-conifer trees. This 
relatively poor uptake in conifers has been generally 
attributed to the presence of resin blockage at the 
injection site. However, no studies specifically relating 
injection wound resin response to tree injectability (rate 
and extent of chemical uptake) were found in the literature. 
Therefore, the general goal of this study is to evaluate the 
effects of injection site resinosis on the uptake of 
injected chemicals in conifer trees. 
Current evidence indicates the potential for resin 
interference during trunk injection in conifers. Xylem resin 
pressures as high as 15 atmospheres, equilibrating in a 
manometer system in 15 to 30 minutes, have been recorded in 
loblolly pine (Pinus taeda) (7) . Cook and Hain (1987) 
determined an average xylem-resin flow rate, measured over 4 
to 5 hour periods, of 0.25ml per hour for loblolly pine. 
Furthermore, preliminary injection and resin flow trials 
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(unpublished data, this study) suggest a correlation between 
rapid xylem-resin flow and low injectability. Therefore, it 
is logical to hypothesize that the presence of xylem resin 
may interfere with the uptake of trunk-injected materials. 
Axial and radial resin canals are normally produced in 
the xylem of four genera of conifers: Pinus. Picea, Larix 
and Pseudotsuga (6) . The most extensive and highly de¬ 
veloped resin canal systems occur in the genus Pinus. In 
these systems the axial and radial canals are fully 
interconnected, allowing full xylem mobilization of resin 
(12) . In conifers such as hemlock (Tsuga canadensis), which 
do not have xylem resin canals, phloem tissues may be a 
source of resin (and possibly other materials) for blockage. 
In these trees trunk injection may be facilitated by simply 
bypassing the phloem. In the preliminary trunk injection 
trials (unpublished data, this study), using the low 
volume/low pressure Mauget tree injection system (J.J. 
Mauget Co., Inc., Los Angeles, CA) in conjunction with 
phloem exclusion, complete uptake occured at a commercially 
acceptable rate in hemlock: capsules containing 6ml of a 
fertilizer solution (6ml/injection site) were fully taken up 
by the trees in approximately 25 minutes. Furthermore, no 
resin exuded from drill-wounded hemlock xylem during 48 
hours of observation. 
Since, presumably, some small initial volume of exuded 
resin (i.e. the volume of the injection hole) would stop 
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chemical uptake, it seems that the rate of this initial 
exudation would ultimately set the limit of injectability. 
This rate, defined here as the initial xylem resinosis rate 
(IRR) , is the time required for exudation of a volume of 
resin that fills (occludes) the injection hole. More 
specifically, then, it is proposed that in conifer trees 
with xylem resin canal systems it is the initial xylem 
resinosis rate (IRR), from xylem resin canals severed during 
the injection process, that limits injectability. Limited 
results from the preliminary trunk injection trials 
(unpublished data, this study) using Mauget 6ml fertilizer 
capsules, appear to support this hypothesis: 1. uptake was 
incomplete and unsatisfactorily slow in black pine (Pinus 
nigra) and, in contrast, complete and relatively rapid 
uptake was obtained in approximately 35 minutes in white 
pine and Norway spruce (Picea glauca) , and, 2. the rate of 
resin exudation from drill wounded xylem of black pine was, 
roughly, 10 to 15 times that of white pine. Very little 
resin exuded from drill wounded xylem of Norway spruce 
during the 24 hours following wounding. 
Although it is likely that resin exudation is 
interfering with uptake in some conifers, the effects of 
xylem resinosis on systemic chemical injection are not 
clear. Additional factors that may adversely affect uptake 
in conifers need to be considered. These factors can be 
grouped into, essentially, two categories: 1. relatively 
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high xylem pressures, and, 2. relatively high xylem flow 
resistance. Xylem pressures are largely a result of the 
combined effects of transpiration rate, xylem flow 
resistance and symplastic water-movement rate (9) . Xylem 
flow resistance factors that probably have the greatest 
effect on in j ectability are tracheid pit aspiration 
(closing) and clogging (4,16). Xylem density also seems to 
have a large effect on xylem conductivity and, therefore, 
injectability (9,16). 
For example, Zimmerman (1983) indicates that the 
introduction of air into tracheids by the injection process 
may result in differential pressure gradients across pit 
pairs causing pit aspiration. Similarly, Sinclair and Larsen 
(1981) suggest that pit aspiration, caused by the use of 
pressure in the injection process, resulted in the 
relatively slow uptake rate they obtained for white pine 
compared to the non-conifers they injected. Furthermore, a 
number of investigators have measured significantly lower 
xylem conductivity and xylem-sap flow rates for gymnosperms 
than for angiosperms (9) . For example, Huber and Schmidt 
(1937), using the heat pulse method, measured xylem-sap flow 
rates of 43m/hr for oak, 26m/hr for ash and less than 
0.5m/hr for conifers (9). 
If pit aspiration and/or excessively high xylem 
pressure and slow xylem flow are common during conifer trunk 
injection, then attempts to alleviate xylem resin blockage 
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will probably have only limited success in improving 
injectability. A primary specific objective of this study, 
therefore, is to determine if the presence of xylem resin is 
the primary cause of poor injectability in some conifers; to 
confirm that conifer pit pair structure and xylem pressures 
are generally favorable for injection but that a relatively 
rapid flow of xylem resin hinders the injection process. 
A strong, consistant, inverse correlation between 
injectability and IRR would indicate xylem resin blockage of 
trunk injection. In this study three experimental methods 
are used concurrently to determine the relationship between 
injectability and IRR and to control the effects of the 
other potential uptake blocking factors. This experimental 
system consists of 1. monitoring seasonal and daily patterns 
of injectability and IRR in several relatively heavy-xylem- 
resin-producing conifer species, 2. comparison of IRRs at 
different stem positions in individual trees, and, 3. com¬ 
parison of injectability and twig xylem pressures between 
multi-species IRR groups. 
The determination of any daily and seasonal patterns in 
IRRs is also a specific objective of this study. Any 
seasonal and daily fluctuations in IRRs would be useful for 
establishing the role of xylem resin in conifer injection, 
as well as providing potential seasonal/diurnal periods of 
increased injectability if xylem resin is, in fact, the 
primary cause of poor injectability. Seasonal and daily 
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fluctuations in IRRs seem to be likely since 1. a seasonal 
fluctuation in 24 hour xylem-resin yield has been shown for 
Scots pine (6), 2. a gradual seasonal decline in xylem resin 
pressure has been shown for ponderosa pine (Pinus ponderosa) 
(17), 3. seasonal temperature variation probably affects 
xylem viscosity (6), and, 4. a number of workers have shown 
a daily cycle in xylem resin pressure for a number of 
conifer tree species (1,2,3,6,7,12,15). By comparing the 
seasonal patterns of injectability and IRR within each 
conifer tree species, some of the variation due to xylem 
structure and physiology between tree species is controlled. 
However, no control is provided for the variation due to 
transpirational effects on xylem flow throughout the 
seasonal pattern period. 
The multi-species IRR-group experiment attempts to 
control for variation due to differences in xylem pressures 
(and xylem sap flow) at the injection site. In this 
experiment, a number of different conifer tree species are 
grouped into three IRR categories: high IRR, low IRR, and 
conifers lacking xylem resin canals. The simultaneous 
measurement, on individual trees, of IRR, uptake rate, and 
twig xylem pressure should provide a useful comparison of 
injectability and IRR between the groups if twig xylem 
pressures are either similar between all of the groups or 
significantly lower for the high IRR group. Because xylem 
conductivities remain approximately constant at different 
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stem heights, twig xylem pressures can be used to 
approximate relative xylem pressures at stem bases 
(injection site) for relative comparisons between trees- 
provided that the distance from twig to injection site is 
constant between trees (9). 
Some indirect control for xylem structural effects, 
such as pit aspiration, is also afforded in this experiment 
by including a relatively large number of species: if the 
number of tree species sampled is large enough, barring an 
unlikely association or correlation between the presence of 
resin canals and some uptake limiting aspect of xylem 
structure, then the differences in the overall injectability 
between the groups should decrease if xylem structure is the 
primary cause of poor injectability. More specifically, if 
pit aspiration is common in conifer injection, then poor 
injectability should also occur in some conifer species that 
do not contain xylem resin canals. 
Differences in IRRs between the upper and lower stem in 
a marginally injectable conifer species could potentially 
provide the strongest evidence in support of xylem resin 
blockage. Because the injectability and IRR measurements for 
comparisons are made simultaneously on an individual tree, 
good control of variation from xylem structure differences 
and xylem pressure differences is provided. However, under 
transpiration conditions xylem pressures generally decrease 
from the lower to upper stem (9) . Notwithstanding this, 
7 
significantly increased uptake along with a significantly 
lower IRR at the top portion of the trunk (base of a 
relatively high tree crown, for example) may suggest the 
combined effect of decreased xylem pressure and decreased 
xylem resin blockage. Unfortunately, it is not likely that 
differences in IRRs at different stem heights is a common 
phenomenon. Although, no reports of resin flow rates from 
vertical xylem resin canals (i.e. drill wounds) at different 
stem heights were found in the literature, Reid and Watson 
(1965) did not find any significant difference in the number 
of vertical resin canals at different stem heights in 
lodgepole pine (Pinus contorta) . The possibility of stem 
height differences in IRRs is investigated in this study. 
Depending on the injected solution and its interaction 
with the chemistry and structure of a conifer species' 
xylem, potential chemical interactions with tracheid pit- 
pair margo networks and subseguent blockage (pit clogging) 
may be a severe source of variation in uptake rate 
comparisons between conifer species, as well as between 
conifers and non- conifers. However, the problem of 
precipitation, and subseguent blockage at pit pairs, should 
be eliminated by injecting water only. Therefore, uptake 
rate measurements using injections of water should indicate 
the maximum potential uptake rate for a given injection 
system and should eliminate pit blockage as a source of 
variation in uptake rate comparisons between trees. 
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Additionally, then, since Sinclair and Larsen used water in 
their comparisons of uptake rates between tree species, it 
is unlikely that in j ected-chemical precipitation and 
deposition at pit-pair margo networks is the primary cause 
for the differences they observed in uptake rates between 
conifers and non-conifers. 
Because it is highly likely that, in addition to xylem 
resin interference, chemical interaction of some injected 
solutions at tracheid pit pairs is also limiting in conifer 
injection, pit (xylem)/injected-chemical interactions are 
assesed by comparing the uptake rates of several commonly 
used commercial preparations to the uptake rate of water. 
This comparison is made using a conifer species that does 
not have xylem resin canals (i.e. hemlock) so that the 
effects of xylem/chemical interactions are discernable from 
the effects of xylem resin blockage. 
If the IRR is the primary limiting factor in injection 
uptake, then a low volume/high concentration injection 
system, such as the Mauget tree injection system, is more 
likely to be effective than a high volume system; a smaller 
volume has a greater potential for uptake before occlusion 
occurs. Sinclair and Larsen (1981) obtained an uptake rate 
in white pine of approximately lml/minute/injection site at 
lOpsi (0.7atm) for a 1.1 x 4cm injection hole. Although this 
rate was low compared to most of the non-conifer trees in 
the study (31ml/min for sugar maple (Acer saccharum)), it 
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appears to be a practical, and commercially acceptable, rate 
for the Mauget system (l-6ml/injection site, 0.44 x 4cm, 10- 
15psi (0.7-latm)). The uptake rate results for white pine 
and Norway spruce from the preliminary trunk injection 
trials (this study), in fact, seem to approximately agree 
with the uptake rate that Sinclair and Larsen obtained for 
white pine. Furthermore, these rates are approximately 
similar to the preliminary-trial rate obtained for hemlock- 
a conifer which does not contain resin canals. These 
results suggest that the uptake in white pine and Norway 
spruce occured before any substantial resin blockage. 
Therefore, because of the low volumes used and the poor 
injectability of some conifers, the Mauget injection system 
is of particular interest in conifer injection. For this 
reason, and convenience, the Mauget system is used for 
injectability evaluations in this study. 
Resinosis rates can be effectively measured using a 
simple system consisting of a glass capillary tube and a 
drill wound (5,6). A drill wound, similar in size to the 
Mauget system injection hole, is made perpendicular to the 
trunk to form a constant (standard) size hole in the xylem. 
A glass capillary tube is tightly fitted, to a standard 
depth, into the xylem hole and marked at a standard distance 
from the xylem end to create a small standardized volume 
(volume of xylem hole plus capillary bore). Measurment of 
the time, from drill wounding, reguired for resin to exude 
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to the standard-distance mark on the capillary tube provides 
a reasonably sensitive determination of the IRR (to simulate 
injection hole occlusion with resin). 
Another specific objective of this study is to identify 
the mechanisms in the tree that are controlling the IRR. If 
xylem resinosis is the primary cause of poor injectability 
in some conifers, then an understanding of these mechanisms 
may suggest specific manipulations, and provide a foundation 
for further research, to improve the injection process in 
these conifers. Furthermore, an understanding of these 
mechanisms may facilitate the interpretaion and prediction 
of any seasonal and diurnal patterns in IRRs. 
To predict naval stores production in pines, Shopmeyer, 
Mergan and Evans (1954) and Bourdeau and Schopmeyer (1958) 
adapted Poiseuille's equation, for the flow of liquids 
through capillary channels, to the rate of resin exudation 
from xylem wounds. In this model the number, and average 
cross sectional area, of severed resin canals and the 
pressure within the resin canal system (resin pressure) are 
directly proportional to the resin flow rate. The viscosity 
of the resin is inversely proportional to the resin flow 
rate. 
Xylem resinosis rates and yields can vary considerably 
within a tree species, as well as between tree species. 
Mergen, Hoekstra and Echols (1955) established that resin 
yield is an inherited characteristic in slash pine (Pinus 
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elliottii) and Wyman (1932) showed that resin yield within a 
population of pines can vary up to 300%. The variables in 
the Poiseuille xylem-resin flow rate model have been shown 
to account for most of the between-tree variability in 
short-term xylem resinosis rates (2,15). 
This model describes the short-term resin flow rate and 
yield only; the long term yield is a function of the short 
term flow rate, as well as the factors controlling the rate 
of de novo resin synthesis. Schopmeyer, Mergan and Evans 
demonstrated a significant correlation between the 
Poiseuille model and the initial 24 hour yield after 
wounding. Long term yield has been shown to be somewhat 
weakly correlated to tree vigor factors such as crown length 
and ratio, DBH and radial growth rate (1,14). These factors, 
most probably, affect overall resin metabolism (6). However, 
this is complicated by the fact that water stress, which is 
usually associated with low-vigor trees, can directly affect 
the rate of resin exudation (6,12). 
The Poiseuille resin flow rate model has not been 
empirically verified on resin yield periods less than 24 
hours, however. It is possible that this model may not apply 
to the short, initial resin yield periods used to determine 
IRRs in this study. For example, it is possible that the 
initial resin canal pressure (preceeding wounding) is 
another variable that should be included in the model. In 
this case, the omission of this variable would increase the 
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variation when resinosis rates are measured over a 24 hour 
period but would probably cause a more severe departure from 
the model for resinosis rates measured over a short initial 
period. On the other hand, if the model is applicable, it is 
likely that a stronger correlation exists for shorter 
initial yield periods; the initial resinosis rate proposed 
in this study, then, should reduce any variability resulting 
from resin pressure drops after wounding, resin synthesis 
rates, and resin oxidation effects. 
Therefore, demonstrating the applicability of the 
Poiseuille resin flow rate model for describing IRRs will 
define the xylem resinosis factors that are directly 
involved in, putatively, restricting injectability. In this 
study the variables in the model - resin viscosity and resin 
temperature, resin pressure, and vertical resin canal cross- 
sectional area - are monitored for any seasonal and diurnal 
fluctuations. Superimposition of any seasonal and/or diurnal 
IRR fluctuation patterns with the patterns of the Poiseuille 
model variables should provide an indirect, approximate 
verification of the applicability of the model for de¬ 
scribing IRR. For a more direct verification of the 
Poiseuille model, the model variables are measured 
simultaneously on individual trees. 
Bourdeau and Schopmeyer (1958) and a number of other 
investigators have shown a strong correlation between the 
rate of transpiration in a tree and resin pressure. As the 
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transpiration rate increases, a corresponding drop in trunk 
xylem water potential (xylem pressure) occurs. This decrease 
in xylem pressure creates an outward pull (from resin canal 
centers) on the epithilial cells lining the xylem resin 
canals which increases resin canal volume and decreases 
resin canal pressure. Therefore, a strong diurnal cycle in 
resin pressure, which mirrors the diurnal transpiration rate 
cycle, occurs with a peak just before daybreak and a low at 
midafternoon (1,2,3,6,7,12,15). 
The effects of this diurnal resin pressure cycle on 
resin flow, however, are unknown. It seems likely that the 
effects of temperature on resin viscosity may offset the 
resin pressure effects on the immediate resin yields within 
this diurnal cycle. For instance, Gibbs measured a threefold 
increase in viscosity between 3C and 22.5C for Scots pine 
(Pinus sylvestris) resin. In this study, the possibility of 
cancelling effects between resin viscosity and resin 
pressure is investigated by comparing the diurnal patterns 
of IRR, resin temperature and resin pressure. 
Seasonal variation in resin flow also appears to be 
largely controlled by xylem water potential and resin 
temperature. Gibbs measured 24 hour resin yields throughout 
the year in Scots pine. A peak occured in late spring and 
negligible yields occured during December and January. 
Because trunk xylem water potential and, therefore, resin 
pressure are relatively high in winter (Vite' 1961), Gibbs 
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speculates that temperature (presumably, through its effect 
on viscosity) is limiting in winter. Gibbs further 
speculates that the late spring peak in resin yield is a 
result of the cessation of shoot growth and a corresponding 
increase in the trunk xylem water potential (presumably, as 
a result of maturation of tissues). 
In summary, the specific objectives of this study are 
to 1. demonstrate that the presence of xylem resin is the 
primary cause of poor injectability in some conifers, 2. 
determine if any seasonal and diurnal IRR fluctuations and 
patterns occur, and, 3. verify the applicability of the 
Poiseuille xylem-resin flow rate model for describing IRRs. 
15 
CHAPTER 2 
METHODS AND MATERIALS 
Sampling 
Trees for all samples were selected from the University 
of Massachusetts, Amherst campus or the University of 
Massachusetts Forest (Pelham and Sunderland). All sample 
trees were healthy and either open-grown ornamental trees or 
dominant (canopy position) forest trees. 
/ 
IRR (initial resinosis rate) measurements 
IRR measurements, for all experiments, were made using 
3mm o.d. x 1mm i.d. x 55mm glass capillary tubing (IRR 
tube). To determine wounding depth and IRR-tube insertion 
depth, bark thicknesses were measured at each IRR site using 
a bark thickness guage. To approximate a typical injection 
wound size, xylem wounds 3mm x 15mm were made, using a 
rechargeable power drill, perpendicular to the trunk, at the 
trunk base (except where otherwise noted), and on root 
flares when possible. The injection hole walls were smoothed 
by inserting a 3mm diameter steel rod. The IRR tubes were 
bevelled at one end to facilitate insertion into the xylem 
and marked at 40mm from this end with a permanent marker. To 
create a tight seal between the xylem and the phloem and to 
create a standard volume of resin, the IRR tubes were 
inserted 5mm into the xylem by marking the bark thickness, 
plus 5mm, on the IRR tube. After insertion, IRR tubes were 
reamed with a heavy guage wire to clear the tube capillary- 
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bore and xylem wound of debris. A rubber thimble was used to 
facilitate IRR tube insertion and removal. IRRs were 
calculated based on the time for resin exudation, following 
wounding, to the 4 0mm mark on the IRR tubes (0.10ml of 
resin) (fig. 1 and 2) . Occasional air bubbles occurred from 
the cappillary pull of resin into the IRR tubes before the 
xylem holes completely filled. No adjustment was made for 
the volume of these air bubbles in the IRR measurements. 
Iniectabilitv measurements 
For all experiments, Mauget tree injection capsules 
(Mauget tree injection system, J.J. Mauget Co., Inc., Los 
Angeles, CA - fig. 3) , filled with 5ml (except where 
otherwise noted) of a dilute (0.2mg/ml) acid fuchsin/ 
distilled water solution, were used to determine 
injectability (uptake rates). The acid-fuchsin dye provided 
visibility of the solution through the heavy plastic Mauget 
capsules and tees. Injection holes 4.4mm in diameter were 
drilled 2.5cm into the xylem at trunk bases and on root 
flares when possible. To determine total drilling depths, 
bark thicknesses were measured, using a bark thickness 
guage, at each injection site. To seal phloem tissues from 
the injection hole, the injection tees were driven into the 
injection holes, using a 10mm mechanic's drive socket and a 
plastic mallet, until the xylem collars on the injection 
tees were seated onto the xylem at the cambium (tees were 
inserted approximately 1cm into the xylem) (fig. 4) . Since 
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Figure 1: cross-sectional view of IRR-tube placement in 
tree. 
Figure 2: IRR tube, hole smoothing rod and rubber thimble. 
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Figure 3: Mauget Tree Injection System. 
Figure 4: cross-sectional view of pressurized Mauget capsule 
installed on tree. 
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tee seating could easily be detected during the driving 
process it was not necessary to mark the bark thicknesses on 
the tees. A 4mm diameter steel rod was inserted into the 
fitted tees to clear the tees and injection holes of any 
debris. It appears, from preliminary trials, that this 
reaming step significantly increases the rate of chemical 
uptake from the capsules. After the capsules were pushed 
completely onto the tees in an inverted position, they were 
immediately turned upright for uptake. Capsule placements 
were completed immediately following wounding to minimize 
air uptake by the xylem. Times were recorded for uptake of 
capsule and tee contents (except where otherwise noted). 
Seasonal IRR and iniectabilitv patterns 
Because of their relatively heavy xylem resin 
production, black, red, Scots, and pitch pine (Pinus rigida) 
were monitored throughout the growing season for changes in 
IRR and injectability. A total of 2 0 trees of each species 
was selected for seasonal monitoring: 10 trees for IRR 
measurements and 10 trees for injectability measurements 
(except pitch pine - injectability and IRR measurements were 
taken on the same 10 trees). Each tree was measured once per 
trial (except pitch pine) and all measurements were taken at 
10:00am. Trials were repeated in March, April, June and 
August of 1991. All trees had a live crown ratio of at least 
40%. Trunk diameters, at 1.4m from the base (DBH) , ranged 
from 18cm to 40cm. 
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Diurnal IRR and iniectabilitv patterns 
Diurnal patterns of IRR and injectability were 
monitored throughout the growing season on 15 red pine 
trees (Pinus resinosa). The diurnal pattern trials were 
repeated in March, April, June and August of 1991. Each 
trial consisted of 10 single injectability measurements, on 
the same 10 trees, repeated at 10am and 2pm of the same day 
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(total of 20 measurements) and single IRR measurements, on 
the same 5 trees, repeated at sunrise (maximum resin 
pressure), 10am and 2pm (minimum resin pressure) of the same 
day (total of 15 measurements) . IRR measurements were taken 
within approximately 10cm of circumference of each other to 
minimize any variation due to direct radiational warming of 
the stem (resin). The trees averaged approximately 35cm DBH 
and 40% live crown ratio. 
IRR, iniectabilitv and twig xvlem pressure comparisons 
A number of conifer species were arbitrarily placed 
into one of three IRR groups based on the average of 
previously observed IRRs for each species: 1. high IRR 
(<lhr/0.1 ml) - black, Scots, and pitch pine, 2. low IRR 
(>lhr/0.1ml) - white pine, red pine, Norway spruce, eastern 
larch (Larix laricina) and, 3. conifers with no xylem resin 
canals - hemlock, juniper (Juniperus virainiana), arborvitae 
(Thuja occidentalism. A sample of 5 trees was selected for 
each species. 
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Single measurements of uptake rate, twig xylem pressure 
and IRR were taken simultaneously on each tree. To increase 
the probability of capsule blocking and, therefore, to 
enhance injectability differences between the IRR groups, 
Mauget capsules containing 6ml (instead of 5ml) of the 
dilute water/acid-fuchsin solution were used for 
injectability measurements. Twig xylem pressure was measured 
at branch tips to indirectly estimate the relative xylem 
pressure at the trunk base. To improve the use of twig xylem 
pressure measurement as a means of indirectly comparing 
trunk-base (injection site) xylem pressures between trees, 
1. all sample trees had live crown ratios of at least 70%, 
2. twig xylem pressure measurements were taken from shaded 
or non-shaded sections of the tree crown so as to represent 
the direct sunlight conditions on the majority of the crown 
at the time of measurement, and, 3. all twig xylem pressure 
measurements were taken on branches 10 to 15 feet from the 
trunk base. Twig xylem pressures were measured using a PMS, 
model 600, pressure bomb (PMS Instrument Co., Corvallis, 
OR). All measurements were taken in July and August of 1991. 
Tree diameters and heights were variable. 
IRR comparisons at different trunk heights 
Two simultaneous IRR measurements were made on each of 
6 full-crowned black pines (averaging approximately 30cm DBH 
and 7 to 8m in height) : one at the trunk base and one at 
two-thirds of the total tree height. To increase the 
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potential for a difference in IRR between the tops and bases 
of the trees, measurements were taken in the afternoon of a 
warm, sunny day so that the effects of transpiration on 
resin pressure would be maximal. To minimize variation from 
the effects of direct radiational warming of resin, IRR 
measurements were taken on the north aspects of the trunks. 
Measurements were taken in July of 1991. 
Iniectabilitv comparisons for some Mauget products 
Ten large, full-crowned hemlock trees were injected 
with one capsule of each of the following Mauget products: 
1. Hi-volume Stemix (6ml/capsule), 2. Fungisol (DEBC) 
(4ml/capsule), 3. 7% Propiconizol (6ml/capsule), and, 4. 
Fungisol PV (Plantvax) (4ml/capsule) . Each tree was also 
injected with one dilute water/acid-fuchsin Mauget capsule 
(5ml/capsule). To reduce any variation from changes in xylem 
pressures or xylem sap flow over time, all 5 capsules were 
placed on each tree before starting capsule placement on the 
next tree. Times were recorded for uptake of the capsules' 
contents only - not including the tee contents. Therefore, 
the volume of the injected solutions remaining in the tee 
and xylem hole (0.8ml), after the capsules emptied, was not 
included in the uptake rate (injectability) measurements. 
Measurements were taken in June of 1991. 
This experiment was repeated on red pine trees, in July 
of 1991, using Mauget capsules filled with 2.5ml of, 1. Hi- 
volume Stemix, 2. Fungisol (DEBC), and, 3. dilute 
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water/acid-fuchsin. The relatively small volume of 2.5ml was 
used to reduce any obscuring effects caused by resin flow. 
The red pine trees averaged approximately 3 5cm DBH and 40% 
live crown ratio. 
Applicability of the Poiseuille model for describing IRRs 
IRR, resin pressure, resin viscosity and resin canal 
cross-sectional area were simultaneously measured at the 
trunk base of each of 5 black pine trees (approximately 30cm 
average DBH). Resin pressure was measured, using the 
procedures outlined by Hodges and Lorio (1968), and as 
discussed in the section on seasonal resin pressure pattern. 
IRR and resin pressure measurements were duplicated on each 
tree: IRR measurements on the north and south aspects, and 
resin pressure measurements on the east and west aspects. 
All manometer and IRR tubes were shaded from direct 
sunlight. All IRR measurements were taken simultaneously to 
reduce any variability due to resin temperature 
fluctuations. A sample of resin was collected from each tree 
and taken to the lab for relative viscosity determinations. 
Relative viscosity measurements were taken, at 26.5C, as 
outlined in the section on seasonal resin viscosity 
patterns. Samples of the outer xylem were extracted from 
each tree using an increment core hammer. Xylem samples were 
taken perpendicular to the trunk and from four locations, 
equally spaced apart, around the trunk. The 4mm diameter 
xylem cores were separated from the phloem and cut in half 
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transversely using very sharp anvil-style pruning shears. 
One of the half rounds of each core was stained in an iodine 
solution. After squaring the ends and measuring the length 
of the stained half-round core, the number of vertical resin 
canals were counted under 35x magnification. Approximately 1 
to 1.5cm2 of xylem cross-sectional area from each tree was 
examined for resin canal counts. Resin canal diameters were 
measured under a magnification of lOOx using an occular 
micrometer. At lOOx, each micrometer division was 
approximately equal to 0.04mm. The diameters of 10 resin 
canals were measured for each tree (2 or 3 randomly selected 
from each core). 
Seasonal resin pressure pattern 
Resin pressure at the base of a 33cm DBH (40/% live 
crown ratio) red pine tree was monitored throughout the 
growing season of 1991. Two simultaneous resin pressure 
measurements were taken, on opposite sides of the trunk, in 
March, April, June and August. Resin pressure measurements 
were taken using 5.5mm o.d. x 1mm i.d. x 150mm manometer 
tubes, flame sealed at one end, and the procedures outlined 
by Hodges and Lorio (1968) (fig.5). After the resin and air 
pressure equilibrated in the tubes, resin pressure, in 
atmospheres, were calculated by dividing the equilibrated 
air bubble lengths into the manometer tube length (150mm). 
To minimize the variation from the effects of diurnal 
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changes in resin pressure, all measurements were taken at 
sunrise (maximum resin pressure). 
Seasonal resin viscosity pattern 
To indirectly monitor any changes in resin composition 
throughout the growing season, the relative resin 
viscosities, at 25C, of 7 red pine trees were measured in 
May and August of 1991. The trees averaged approximately 
35cm DBH and 40% live crown ratio. Resin samples were 
collected, from 8mm diameter drill wounds, directly into 
cork-stoppered vials using right angle glass tubing. Each 
collection vial was vented by inserting a 21G syringe needle 
through the cork (fig. 6). Resin samples were collected from 
a single drill wound for each tree/trial combination. 
Collection tubes were inserted into the xylem to form a 
tight seal (bark thicknesses were measured at each wounding 
site). Although this closed system minimized the loss of 
solvent (turpentine) and the subsequent crystallization out 
of solution of the resin acids, relative viscosity 
determinations were made within 24 hours of collection to 
further minimize this problem. 
Relative resin viscosities were determined by measuring 
the time for lOOul of resin to fall a vertical distance of 
4cm in a Fisher 1ml serological disposable plastic pipette. 
Pipettes were cut into 8cm lengths, marked at 2cm and 6cm 
from the top and mounted securely in a vertical position. 
Each lOOul aliquot was loaded so that the top miniscus was 
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Figure 5: cross-sectional view of glass manometer tube 
installed on tree. Total capillary length is 150mm. 
Figure 6: resin collection system installed at the base of a 
red pine tree. 
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approximately 0.5cm to 1cm from the top of the pipette 
viscometer. To control the start of vertical resin movement, 
a rubber syringe plunger cap was fitted onto the bottom of 
the pipette viscometer before resin loading and removed to 
start resin fall (fig. 7). Relative resin viscosities were 
calculated by averaging the first three measurements 
occuring within a range of 2 seconds, or, if 3 of the first 
5 measurements did not occur within a 2 second range, by 
averaging the first 5 measurements. 
Figure 7: pipette viscometer apparatus. 
Seasonal and diurnal xvlem (resin) temperature patterns 
Xylem temperature at the base of a 3 3cm DBH (4 0% live 
crown ratio) red pine tree was monitored throughout the 
growing season of 1991 (resin temperature is assumed to be 
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equal to xylem temperature). A single measurement was taken 
at noontime and on the north side of the trunk in March, 
April, June and August. Drill wounds 5mm in diameter and 
approximately 2.5cm deep were made to accept a standard 
thermometer. Because soil temperature is probably a major 
factor affecting trunk xylem (resin) temperature, especially 
when xylem sap flow is relatively rapid, the ambient soil 
temperature was measured at the time of each xylem 
temperature measurement. 
To determine the extent of any diurnal fluctuation in 
xylem temperature, a single north-aspect measurement was 
taken on 10 red pine trees (approximately 35cm average DBH 
and 40% live crown ratio) at sunrise and at 2:00pm (total of 
20 measurements). 
Seasonal soil moisture tension pattern 
Because soil moisture tension is a major factor 
affecting trunk xylem pressure (9) , soil moisture tension 
was monitored at the study sites throughout the growing 
season of 1991. Soil moisture tension was measured in 
centibars (cb) using an Irrometer soil tensiometer 
(Irrometer Co., Riverside, CA). 
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CHAPTER 3 
RESULTS 
Seasonal IRR and iniectabilitv patterns 
Measurements were completed over the following 5 to 10 
day periods (1991): March 19 to March 28, April 28 to May 5, 
June 6 to June 10 and August 16 to August 25. 
No resin flow was obtained for red, Scots and pitch 
pine in the March trial and only 50% of the March IRR 
measurements on black pine trees produced resin. Resin 
production was highly sporadic for red, Scots and pitch pine 
during the April trial. Additionally, resin flow rates 
between and within trees was highly variable. Probably 
largely due to this high variability, several Scots and 
pitch pine trees did not yield IRR measurements in the June 
and August trials. In all of the trials many capsules did 
not completely empty within 24 hours. Because of these 
incomplete IRR and injectability data, it was necessary to 
develop IRR and uptake rate catagories for direct 
comparisons. Tables 1 and 2 summarize these catagorized 
results. Figures 8 and 9 present the results graphically and 
in a more summarized form: the totals, for all 4 species, of 
the trend-establishing catagories are plotted against time. 
Chi-sguare analysis of the totals, for all four 
species, in tables 1 and 2 indicates a significant (0.05 
significance level) seasonal change in resin flow and 
injectability. Figures 8 and 9 show these seasonal patterns: 
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* total no. of IRR tubes filled <3hr 
1991 growing season 
Figure 8: total number of IRR tubes (out of 40- 
10/species) , for each trial, that filled (0.1ml of resin) 
within 3 hours following wounding. Measurements were taken 
on black pine, red pine, Scots pine, and pitch pine (1991 
growing season). 
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1991 growing season 
Figure 9: total number of capsules, (out of 40- 
10/species) , for each trial, that completely emptied (5ml of 
water) within 1 hour following placement. Measurements were 
taken on black pine, red pine, Scots pine and pitch pine 
(1991 growing season). 
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during the growing season, IRR gradually increases (fig. 8) 
and injectability gradually decreases (fig. 9). This inverse 
relationship between IRR and injectability supports the 
hypothesis that resin is the primary cause of poor 
injectability. 
Table 1: number of IRR tubes (out of 10/species) that filled 
(0.1ml of resin) within 3 hours, and after 3 hours, 
following wounding during the 1991 growing season. Numbers 
of IRR tubes that did not produce resin within 24 hours 
following wounding are not shown. 
trial species lhr 
no. 
2hr 
of IRR 
3hr 
tubes 
>3hr 
*tota 
<3hr 
blackpine 0 0 0 5 
red pine 0 0 0 0 
Scots pine 0 0 0 0 
March pitch pine 0 0 1 0 1 
black pine 5 4 0 1 
red pine 1 0 1 7 
Scots pine 1 0 0 6 
April pitch pine 0 0 1 5 13 
black pine 10 0 0 0 
red pine 7 3 0 0 
Scots pine 3 2 3 2 
June pitch pine 1 3 1 4 33 
black pine 10 0 0 0 
red pine 9 1 0 0 
Scots pine 9 0 0 0 
August pitch pine 3 3 0 2 35 
* at least 2 of the trial totals are significantly different 
(0.05 level), chi-square analysis 
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Table 2: number of capsules (out of 10/species) that were 
completely emptied within 1 hour following placement 
(10:00am). 1991 growing season. 
trial 
black 
pine 
no. 
red 
pine 
of capsules 
Scots 
pine 
(<lhr) 
pitch 
pine * total 
March 0 10 2 9 21 
April 2 10 1 8 21 
June 0 8 0 4 12 
August 0 3 2 6 11 
* at least 2 of the trial totals are significantly 
different (0.05 level), chi-square analysis 
Diurnal IRR and iniectabilitv patterns 
Measurements were taken on March 26, May 5, June 10 and 
August 25 (1991). Table 3 summarizes the results of these 
trials. 
Table 3: diurnal fluctuations in IRR for 5 red pine trees 
during the 1991 growing season. 
* mean IRR 
(hr/0.1ml) sunrise 10:00am 2:00pm 
June 2. la 1.4a 1.6a 
August 1.5b 0.8b 0.6b 
* means of 5 replicates 
a & b: no significant difference (0.05 level), ANOVA, 
repeated measures/rand. block 
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No resin was produced (IRR tube method) by any red pine 
tree in March and resin flow was too slow during the April 
trial for diurnal IRR comparisons. In both the June and 
August trials, using ANOVA (randomized-block design/repeated 
measures) , there was no significant difference (0.05 
significance level) in the mean IRRs from the period of 
maximum resin pressure (sunrise) to the period of minimum 
resin pressure (2:00pm). Because there was no diurnal 
fluctuation in IRR, the diurnal uptake-rate data is not 
presented. 
IRR, iniectabilitv and twig xvlem pressure comparisons 
Measurements were completed during the period from July 
29 to August 5 (1991). Table 4 summarizes the multi-species 
IRR-group comparisons. 
The results strongly suggest that xylem resin is the 
primary cause of poor injectability. First, a much higher 
percentage of the capsules were blocked in the high IRR 
group than in the other two groups. Second, because the mean 
twig xylem pressure for the high IRR group was not 
significantly higher than the means for the other two groups 
(Bonferroni multiple comparisons procedure), it is unlikely 
that xylem pressures at the injection sites are unfavorable 
for uptake. This is further supported by the fact that the 
mean uptake rate for the unblocked capsules in the high IRR 
group is similar to the mean uptake rate for the other two 
groups: 7min/ml, 7min/ml and 6min/ml (high IRR, low IRR and 
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no resin canals, respectively) (means of at least 3 
replicates). Therefore, the potential for uptake (in terms 
of xylem pressure) is similar for the three groups. Third, 
because the amount of uptake blockage was negligible for the 
low IRR and no-resin-canal group, pit aspiration, or some 
other xylem structural problem, does not appear to be 
interfering with uptake. 
Table 4: injectability and mean twig xylem pressure for the 
multi-species IRR groups (July/Aug.). 
IRR group species 
* % of 
IRR tubes 
filled 
<lhr ** 
* % of 
capsules 
blocked 
* mean 
twig xylem 
pressure 
(bars) *** 
high IRR 
black pine 
Scots pine 
pitch pine 87 73 -14ab 
low IRR 
Nor. spruce 
red pine 
larch 
white pine <1 <1 -16a 
no resin 
canals 
hemlock 
juniper 
arborvitae 0 0 -lib 
* 5 replicates/species 
** 0.1ml of resin exuded within one hour following wounding 
*** means followed by different letters are significantly 
different (0.05 level), Bonferroni mult, comparisons 
procedure 
IRR comparisons at different trunk heights 
Measurements were taken on July 27 (1991) from 2:00pm 
to 6:00pm. The results are summarized in table 5. 
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Using the paired student's t-test, the difference 
between the trunk-top and trunk-base mean IRRs was not 
significant. 
Table 5: IRR at trunk base vs. IRR at two-thirds of trunk 
height in black pine (July). 
IRR 
(min/0.1ml) 1 2 
tree 
3 
number — 
4 5 6 mean 
trunk 
base 10 12 4 16 2 14 10a 
trunk 
top 23 5 12 42 2 5 15a 
a: no significant difference (0.05 level), t-test 
Iniectabilitv comparisons for some Mauget products 
Measurements were taken on hemlock on June 17 and on 
red pine on July 19 (1991). Several blocked capsules 
(incomplete capsule-uptake) occurred in both species. The 
data for these trees were omitted from the analysis. The 
means in table 6, within each species, were compared using 
Duncan's multiple range test at the 0.05 significance level. 
The results (table 6) suggest that chemical blockage 
may occur with some injection preparations in conifers. The 
uptake rate of water appears to define the maximum potential 
uptake rate of any systemic chemical preparation. A slower 
uptake rate than water in conifers is probably ultimately 
the result of chemical precipitation and/or reaction 
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resulting in blockage. The most likely site for this 
blockage in conifer xylem is the pit-margo network. 
Table 6: mean uptake rates for water and four Mauget tree 
injection products in hemlock (June) and red pine (July). 
*mean 
uptake 
rate 
(min/ml) water 
Hi-Vol 
Stemix 
Fungisol 
(DEBC) 
Propi- 
conizol 
(7%) 
Fungisol 
PV 
(Plantvax) 
hemlock 11a 13a 9a 32b * * 
red pine 4a 3a 6b * * * * * * 
* 
** 
* * * 
means in rows followed by different letters are 
significantly different (0.05 level), Duncan's mult. 
range test, hemlock: 8 replicates, red pine: 9 
replicates 
negligible uptake 
not measured 
Since the results suggest a slower uptake rate for 
Fungisol-DEBC than Hi-Vol Stemix and water in red pine, yet 
similar uptake rates for these preparations in hemlock, 
differences in the uptake rates between injection 
preparations may be species specific. 
Applicability of the Poiseuille model for describing IRRs 
Measurements were taken on July 21 through July 2 3 
(1991) . Table 7 summarizes the results for each of the 5 
trees measured. 
All of the viscosity determinations are the means of 
three measurements within a 2 second period. Two IRR tube 
measurements were omitted from the mean IRR calculations in 
38 
table 7: one tube that did not produce any resin and one 
tube that yielded a rate that was 8 times slower than its 
paired measurement. One of the manometer tubes malfunctioned 
and was omitted from the mean calcualtions in table 7. 
Differences of up to 3.5atm occurred between manometers on a 
single tree. The maximum within-tree range in number of 
resin canals/cm2 of 75 occurred in tree 5. The maximum 
within-tree range in resin canal diameter of 135u occured in 
tree 3. 
Table 7: Poiseuille-model data for five black pine trees 
(July). Values were determined as discussed under methods 
and materials. 
tree 
mean 
IRR 
(min/ 
0.1ml) 
rel. 
resin 
vise, 
(sec) 
#of 
resin 
canals/ 
cm2 
mean 
resin 
canal 
diam. 
(u) 
resin 
canal 
area 
(mm2/ 
cm2) 
mean 
resin 
press. 
(atm) 
1 2 21 31 62 0.094 6.5 
2 5 21 47 58 0.125 7.1 
3 6 50 55 73 0.230 5.1 
4 3 20 42 91 0.270 6.4 
5 8 59 78 81 0.403 4.3 
Figure 10 presents the linear regression analysis of 
the proposed Poiseuille model for IRR in black pine. Two 
regressions were calculated: one with the data for tree 1 
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mean IRR (min/O.lml) 
x = A x P / V 
A = resin canal area (sq.mm/sqcm) 
P = mean observed resin pressure (atm) 
V = relative resin viscosity (sec) 
Figure 10: regression analysis of the Poiseuille model for 
IRR in black pine with tree 1 data included (dashed line) 
and deleted (solid line). Means are based on 2 replicates. 
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included and one with the data for tree 1 omitted. A 
correlation coefficient (r) of -0.9 was obtained when tree-1 
data was omitted from the regression calculation. This r- 
value suggests that the model is valid. When tree-1 data is 
included in the calculation the r-value shifts to -0.4 
suggesting that the model is probably incomplete. When tree- 
1 data is omitted, and maximum values for IRR and resin 
pressure are substituted for mean values, the regression 
calculation yields an r-value of -0.99 (not shown in fig. 
10) . 
The inconsistently high IRR measurement for tree 1 may 
be a result of traumatic resin canals (resin canals formed 
in response to wounding) from injection wounds made on the 
sample trees the previous year. The presence of traumatic 
resin canals, coupled with small sample size, would tend to 
increase the probability of selecting, in effect, a 
statistically bad sample. Since the data, with tree-1 data 
deleted, strongly suggest that the model is valid, it is 
probable that a larger sample, taken on trees that have not 
been previously wounded, would show the relevance of the 
model without the deletion of any data. 
Seasonal resin pressure pattern 
Measurements were taken on May 5, June 10, June 17 and 
August 25 (1991). Means were calculated for the two 
manometer tubes for each trial. Pressure calculations 
differed by as much as 2.7atm between paired manometers 
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within a trial. Since no resin was obtained from any red 
pine tree IRR measurements in March (1991), a March resin 
pressure trial was omitted. The tree initially selected for 
resin pressure measurements in these trials failed to 
produce any resin in the May 5 or June 10 trials. Therefore, 
a new tree was selected for the remaining trials. Figure 11 
illustrates the seasonal trend in resin pressure for this 
tree. Since no resin exudation occurred in March, the March 
resin pressure in figure 11 is assumed to be zero. The May- 
trial resin pressure of the tree selected for the final 
measurements is unknown. Table 8 summarizes the results of 
the trials. 
Table 8: fluctuation in resin pressure for red pine during 
the 1991 growing season. 
*sunrise resin press, (atm) 
May 5 ** 
June 17 2.9 
Aug. 25 7.0 
* mean of two measurements on a single tree 
** insufficient resin flow 
Seasonal resin viscosity pattern 
The early-season relative resin-viscosity measurements 
were taken as soon as a sufficient amount of resin could be 
collected within approximately 20 hours (i.e. May 28). Resin 
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* sunrise (max.) resin pressure (atm) 
1991 growing season 
Figure 11: fluctuation in red pine resin pressure during the 
1991 growing season. Resin pressure for the March 19 trial 
is assumed to be zero since no resin exudation occurred in 
March. Means are based on 2 replicates. 
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was collected overnight and measured for viscosity the 
following morning. Only one of the 14 relative viscosity 
determinations was a mean of 5 measurements. Table 9 
summarizes the results of the trials. 
Table 9: fluctuation in relative resin viscosity for red 
pine during the 1991 growing season. 
(sec) 1 2 3 
tree 
4 
number 
5 6 7 mean 
* May 28 38 29 19 27 25 17 26a 
Aug. 32 35 26 18 30 21 16 25a 
* insufficient resin available before May 
a: no significant difference (0.05 level), t-test 
The results strongly suggest that relative resin- 
viscosity, and, therefore, resin composition, does not 
change during the course of the season for red pine. The 
paired student's t-test was used for comparison of the 
means. 
Seasonal and diurnal xvlem (resin) temperature patterns 
Table 10 summarizes the results of the fluctuations in 
soil and xylem temperatures for the single red pine tree 
measured throughout the 1991 season. Figure 12 shows this 
information graphically. The graph indicates that a very 
close relationship occurs between soil temperature and xylem 
temperature. The slightly higher xylem temperatures are 
probably a result of the higher ambient air temperature 
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temperature (C) 
1991 growing season 
* single tree measured at 12:00pm 
** soil temp, measured near trunk base 
at 12:00pm 
Figure 12: fluctuation in red pine xylem (resin) temperature 
during the 1991 growing season. Measurements were taken on 
the north aspect of the trunk base. 
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affecting the xylem temperature at a faster rate than the 
soil temperature. 
Table 10: fluctuation in xylem (resin) temperature for red 
pine during the 1991 growing season. 
* xylem 
temp. (C) 
** soil 
temp. (C) 
March 26 3.5 3.0 
May 5 12.5 11.0 
June 8 16.5 16.0 
Aug. 16 19.5 20.0 
* single tree at 12:00pm 
** near trunk base at 12:00pm 
Measurements for the determination of any diurnal 
fluctuations in xylem temperature were made on July 12 
(1991). Air temperature was 11C at sunrise and 27.5C at 
2:00pm. Soil temperature was 16C at sunrise and 18C at 
2:00pm. The results, summarized in table 11, strongly 
indicate that a difference in resin temperature of about 3C 
occurs between sunrise and 2:00pm in red pine. It is likely 
that a similar xylem temperature difference occurs in other 
tree species with a similar bark thickness and xylem-sap 
flow rate and in similar ambient air and soil temperature 
conditions. 
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Table 11: diurnal fluctuation in xylem (resin) temperature 
for red pine (July). 
tree # sunrise (C) 2:00pm (C) 
1 16.5 19.5 
2 16.0 19.0 
3 16.0 19.0 
4 16.0 19.5 
5 16.0 18.0 
6 15.0 19.0 
7 15.5 19.0 
8 15.0 18.0 
9 15.0 18.5 
10 15.0 18.0 
mean 15.6a 18.8a 
a: significant difference (0.05 level), t-test 
Seasonal soil moisture tension pattern 
Table 12 summarizes the results of the mean soil 
moisture tensions at the study sites during the seasonal 
trial periods. 
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Table 12: mean soil moisture tension at the study sites 
during the 1991 growing season. 
* mean 
soil tens, 
(cbars) 
March -6 
April -9 
June -54 
August -11 
* means of at least three measurements taken at 
the study sites over a 5 to 10 day period 
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CHAPTER 4 
DISCUSSION 
From the results of the seasonal IRR and injectability 
experiments, and the multi-species IRR-group experiment, it 
is reasonably clear that xylem resin flow is the primary 
limitation in conifer injection. Although uptake rates are 
generally substantially slower in conifers than in non¬ 
conifers, conifer xylem structure and xylem pressures appear 
to be generally favorable for trunk injection. However, the 
problems associated with conifer injection (xylem resin flow 
and slow uptake) seem to be mitigated by the use of a low 
volume/high concentration injection system such as the 
Mauget system. From the results of the multi-species IRR 
experiment, the average uptake rate in conifers, using water 
and the Mauget system, appears to be about 6 to 7 min/ml. 
Because of the low volumes used in the Mauget system, this 
rate is commercially viable. It also appears that when xylem 
resin flow is sufficiently slow, small volumes of injected 
materials can enter the xylem before resin occlusion occurs. 
For species that produce resin more vigorously (for example, 
black pine) , if they are injectable at all, some type of 
modified injection system will probably be necessary. 
In addition to the xylem resin limitation, the results 
indicate that another potential major limitation to 
successful conifer trunk injection is the injection 
preparation. The rate and extent of uptake appears to be 
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dependant on the specific injection preparation, as well as 
on the tree species. For successful trunk injection, then, 
the uptake potential for each injection preparation should 
be tested in each intended target species. 
The above results tentatively define the basic 
limitations, in terms of uptake, in conifer trunk injection 
and provide a starting point for identifying specific 
problems, and outlining further research, in conifer 
injection. Since this initial work has established xylem 
resin flow as the primary limitation in conifer injection, 
an understanding of the behavior of xylem resin flow in 
relation to injectability is a logical initial area for 
further research. In this study the basis for this 
understanding was investigated by examining the seasonal 
pattern in the IRRs and by attempting to identify the 
factors, within the tree, that control the IRR. 
In figure 13, the seasonal patterns of the Poiseuille 
model variables are compared with the seasonal IRR pattern 
in red pine. The slopes of the xylem (resin) temperature 
curve and the resin pressure curve roughly add to yield the 
relatively constant slope of the IRR curve. In this 
analysis, it is assumed that resin canal cross-sectional 
area is constant throughout the growing season. Although 
this parameter was not monitored for seasonal changes, 
because drill wounding severs the vertical resin canals 
formed during a number of previous complete growing seasons, 
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March 19 April 28 June 7 July 17 August 26 
* calculated-from seasonal pattern data 
(means of at least 4 replicates) 
Figure 13: relative comparisons of the seasonal fluctuations 
in IRR and the Poiseuille-model variables for red pine 
(refer to figures 11 and 12). Resin canal area is assumed to 
be constant throughout the growing season. 
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any seasonal changes in resin canal cross sectional area 
during the current growing season are likely to have only a 
small effect on the IRR. The general agreement of the model- 
variable curve patterns with the seasonal IRR curve pattern 
in figure 13 (no inconsistencies occur) supports the 
applicability of the Poiseuille model. 
Figure 14 shows the relationship between diurnal xylem 
temperature and diurnal xylem resin pressure (resin pressure 
is reproduced from Hodges and Lorio, 1968). The resin 
temperature and pressure variables appear to have cancelling 
effects which may potentially account for the constancy in 
the diurnal IRR pattern. Similar to the seasonal pattern 
results, the general agreement of the model-variable curve 
patterns with the diurnal IRR pattern curve (no 
inconsistencies occur) supports the applicability of the 
Poiseiuelle model. 
Although the results from the Poiseuille model 
experiments do not clearly establish the validity of the 
model for describing IRRs, collectively they tend to suggest 
that the model is applicable. Furthermore, the applicability 
of this model for describing xylem resin flow rates measured 
over the 24 hours following wounding has been previously 
established. Therefore, IRRs in conifers are likely to be a 
function of, 1. resin canal cross sectional area, 2. resin 
viscosity, and 3. resin exudation pressure. 
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* single loblolly pine tree (Pinus 
taeda) (Hodges and Lorio, 1968) 
** 10 red pine trees 
Figure 14: relative comparison of the fluctuations in 
diurnal resin temperature (red pine) and resin pressure 
(loblolly pine, Pinus taeda). Loblolly pine data was taken 
from Hodges and Lorio, 1968. Resin canal area is assumed to 
be constant throughout the diurnal period. 
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The results of the seasonal IRR pattern experiment 
generally agree with the results of previous studies. The 
seasonal IRR pattern closely matches the seasonal pattern 
Barrett and Bengtson (1964) obtained for two-week yields of 
xylem resin from horizontal resin canals (removal of bark 
and cambium only) in slash pine. They obtained a gradual 
increase in resin yields from April to late August and a 
somewhat sharper decrease, to the original April level, from 
late August to November. 
The seasonal IRR pattern does not agree as closely with 
the seasonal pattern of 24 hour xylem resin yields (from 1cm 
drill wounds) that Gibbs (1968) obtained for Scots pine. 
Gibbs also obtained maximal resin flow during the growing 
season and minimal resin flow during the winter months, 
however, in contrast with the seasonal IRR results and 
Barrett's and Bengtson's seasonal two-week yield results, 
Gibbs obtained a sharper increase in resin flow during the 
spring resulting in a distinct maximum in late spring. An 
explanation for these differences in seasonal resin flow 
patterns is not readily apparent primarily because, 1. it is 
likely, from the results of this study, that the same set of 
factors control IRRs and 24 hour resin flow rates, 2. 
intervals between resin flow rate measurement were similar 
(4 to 6 weeks) in both studies, and 3. differences in the 
experimental methods do not seem to account for the observed 
seasonal differences. Perhaps the difference between the two 
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seasonal resin flow patterns is evidence that the Poiseuille 
model does not accurately describe IRRs. 
Gibbs' seasonal resin yield data tend to suggest that a 
late spring resin pressure maximum occurs. In contrast, the 
seasonal resin pressure data for red pine suggest a gradual 
seasonal increase (figure 11). However, the reasons for this 
seasonal resin pressure pattern are not clear. 
Because of limited and highly variable resin flow 
during the early season in red pine, resin pressure data was 
not obtained until relatively late in the season, forcing 
the assumption that early spring resin pressures are zero. 
It is possible, therefore, that early season resin pressures 
in conifers may be higher than the pressures suggested by 
the red pine data. The close correlation between xylem water 
potential and xylem resin pressure, in fact, suggests higher 
resin pressures early in the growing season. Figure 15 
compares the seasonal xylem resin pressure pattern in red 
pine with the seasonal soil moisture tensions measured in 
this study. Low soil moisture tension coupled with low 
transpiration rates in the early spring suggest that higher 
resin pressures should occur early in the growing season. 
The generally poor correlation between the curves in figure 
15 suggests that, in addition to xylem water potential, 
other resin pressure controlling factors may exist. 
It is possible that another resin pressure controlling 
factor is the level of xylem resin present in the tree 
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* means of at least 3 measurements taken 
at the study sites over a 5 to 10 day 
period 
Figure 15: relative comparison of the seasonal fluctuations 
in red pine resin pressure and soil moisture tension (1991 
growing season). 
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relative to the maximum seasonal level. Furthermore, it is 
possible that a minimal amount of xylem resin may be present 
in conifers during the winter. This hypothesis leads to a 
possible alternative explanation for the differences in the 
observed seasonal resin flow patterns. In this explanation, 
if the spring production of new resin is slow enough, which 
may be the case with the red pines in this study, then 
seasonal resin pressure will gradually increase. However, if 
seasonal resin levels remain constant, or if resin 
recharging occurs before the late-spring peak in xylem 
pressure (from the combined effects of tissue maturation and 
relatively low soil moisture tension (6)), then a late 
spring maximum in xylem resin pressure should occur. This 
explanation proposes a seasonal resin pressure pattern that 
allows Gibbs' data to agree with the Poiseuille model. 
Furthermore, it is possible that early resin recharging, or 
the maintenance of constant seasonal resin levels, only 
occurs in some groups of conifers. Therefore, in this 
context, and in terms of the Poiseuille model, the seasonal 
resin pressure data in this study agree with the observed 
seasonal IRR pattern. 
Notwithstanding the somewhat conflicting seasonal 
patterns in resin flow, it is clear that, within the growing 
season, trunk injection in conifers that produce relatively 
rapid xylem resin flow will be most successfull in the early 
spring. The injectability of these trees will decrease as 
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the season progresses and will probably be minimal in either 
the early or late summer. Conifers that exude xylem resin at 
very high rates may not be injectable with the Mauget system 
used in this study. Depending on the specific circumstances, 
injectability in high xylem-resin flow conifers may be 
favorable during the winter, however this has not been 
investigated. Because IRRs do not seem to vary significantly 
during the day, the diurnal injection time is not likely to 
be a factor in the injectability of rapid resin flow trees. 
Some immediate areas for further research include: 1. a 
more complete assesment of the annual IRR, resin pressure 
and resin temperature patterns, 2. a more complete direct 
analysis of the applicability of the Poiseuille model for 
describing IRRs (larger sample regression analysis), 3. 
investigations regarding potential seasonal xylem resin 
content fluctuations, and, 4. investigations regarding the 
interactions of various injection preparations with conifer 
xylem. 
In summary, this study tentatively defines the basic 
limitations, in terms of uptake, and provides a basic 
framework for further research, in conifer trunk injection. 
Specifically, this study establishes that xylem resin flow 
is the primary limitation in conifer injection and that pit 
aspiration or other aspects of xylem structure are not, 
generally, limiting uptake. The results also suggest, but do 
not clearly establish, that the xylem resin flow factors 
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resin canal cross that effect injectability are, 1. 
sectional area, 2. resin viscosity, and 3. resin exudation 
pressure. Finally, the results of this study, as well as the 
results from previous studies, clearly establish that 
minimal xylem resin flow rates, during the growing season, 
occur in early spring. Therefore, the injectability of rapid 
xylem-resin-producing conifers is likely to be maximal 
during the early spring. 
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